Abstract. Lake-level records from Italy suggest that patterns of precipitation in the central Mediterranean during the Holocene were divided between the north and south, but a scarcity of reliable palaeoclimatic records in the north and central-southern Mediterranean means new evidence is needed to validate this hypothesis. We provide robust quantitative estimates of Holocene climate in the Mediterranean region using four high-resolution pollen records from northern (Lakes Ledro and Accesa) and southern (Lakes Trifoglietti and Pergusa) Italy. Multiple methods are used to provide an improved assessment of the palaeoclimatic reconstruction uncertainty. The multi-method approach uses the pollenbased weighted averaging, weighted-average partial leastsquares regression, modern analogue technique, and the nonmetric multidimensional scaling/generalized additive model methods. We use independent lake-level data to validate the precipitation reconstructions.
Our results support a climatic partition between northern and southern Italy during the Holocene, confirming the hypothesis of opposing mid-Holocene summer precipitation regimes in the Mediterranean. The northern sites (Ledro, Accesa) are characterized by minima for summer precipitation and lake levels during the early to midHolocene, while the southern sites (Trifoglietti, Pergusa) are marked by maxima for precipitation and lake levels at the same time. Both pollen-inferred precipitation and lake levels indicate the opposite pattern during the late Holocene, a maximum in northern Italy and a minimum in southern Italy/Sicily. Summer temperatures show the same partitioning, with warm conditions in northern Italy and cool conditions in Sicily during the early/mid-Holocene, and a reversal during the late Holocene.
Comparison with marine cores from the Aegean Sea suggests that climate trends and gradients observed in Italy show strong similarities with those recognized from the Aegean Sea, and more generally speaking in the eastern Mediterranean.
and dry/warm to hot summers, but large areas within the Mediterranean do not share this Mediterranean type of climate. The presence of strong mesoscale features that determine large climatic gradients within a region is one of the characteristics of the Mediterranean region which would otherwise have a much more homogeneous climate (Lionello, 2012) . Climate in the Mediterranean region is characterized by both large spatial variability and large temporal variability. The Mediterranean lies at the boundary of high-latitude atmospheric circulation and subtropical circulation, which is linked to the summer monsoon and trade wind activity . The northwestern Mediterranean is under the influence of mid-latitude climate regimes, while the Asian and African monsoons, controlled by tropical and sub-tropical circulation, are more important in the central and eastern basin areas . In addition to atmospheric circulation and physiography, the Mediterranean Sea is itself an important source of moisture and a heat reservoir for the region. Given these factors, the regional response to large-scale climate forcings is complex (Giorgi and Lionello, 2008) . The peculiarities of the region and its response to climate change have driven intense research into Mediterranean climate over the last decade (Lionello, 2012) . Future climate change can be expected to be particularly strong in this region and will likely have a marked impact on terrestrial ecosystems and on human societies. Therefore, a growing interest in the region has focused on both the study of future and past climates.
The Holocene climate and ecology of the Mediterranean is particularly well investigated, with a large amount of data including palynological, speleothem, lake isotope and lakelevel evidence (e.g. Magri and Sadori, 1999; Allen et al., 2002; Sadori et al., 2004 Sadori et al., , 2011 Zanchetta et al., 2007a, b; Colonese et al., 2011; Finne et al., 2011; Giraudi et al., 2011; Zhornyak et al., 2011; Magny et al., 2009 Magny et al., , 2011 Magny et al., , 2012a Di Rita et al., 2013; Calo et al., 2012) . These data show a complex pattern of climatic change across the Mediterranean during the Holocene, with strong spatial and temporal variability (e.g. Tzedakis, 2007; Peyron et al., 2011; Roberts et al., 2011) . Recent lake-level records from Italy suggest a northsouth partitioning of Holocene climate in the central Mediterranean at ∼ 40 • N (Magny et al., 2012b) . The northern sites were characterized by summer precipitation minima during the mid-Holocene, while the southern sites (south of 40 • N) experience precipitation maxima at the same time. The partitioning of Mediterranean climate between the north and the south highlighted by Italian lake-level data is also apparent in the central and western Mediterranean, based on independent fire records .
Recent pollen-based reconstructions of precipitation from Lakes Accesa in north-central Italy, and Pergusa in Sicily support this interpretation of a north-south climatic partition during the mid-Holocene Magny et al., 2012b) . Climate reconstructions from Lake Accesa (north-central Italy) based on a multi-method approach distinguish two distinct intervals based on precipitation: the mid-Holocene is characterized by a winter precipitation maximum and a summer precipitation minimum, while the late Holocene coincides with a decrease in winter precipitation and a slight increase in summer precipitation . The Lake Pergusa pollen record (southern Italy, Sicily) shows the opposite pattern: maximum winter and summer precipitation during the early to mid-Holocene and a very moderate drying trend towards modern climatic conditions during the late Holocene (Magny et al., 2012b) . The Sicilian record is supported by isotopic evidence from snail shells (Colonese et al., 2011) , lacustrine records (Zanchetta et al., 2007a; Sadori et al., 2008) and stalagmites (Frisia et al., 2006) . The Sicilian record also shows similarities to records from the eastern Mediterranean (Bar-Matthews and Ayalon, 2011; Bar-Matthews et al., 1998; Kouli et al., 2012) and the western Mediterranean (Pérez-Obiol and Sadori, 2007) .
While the records from Lakes Accesa (Tuscany) and Pergusa (Sicily) seem to support the interpretation of a northsouth climate partitioning, the scarcity of reliable palaeoclimatic records in the central Mediterranean means that new evidence is needed to validate this hypothesis. This study aims to provide robust and precise quantitative estimates of Holocene climate for the central Mediterranean region based on four high-resolution pollen records taken from lakes located along a latitudinal gradient from northern to southern Italy. Three lakes are from peninsular Italy (Lake Ledro, Lake Accesa, Lake Trifoglietti), and one is from Sicily (Lake Pergusa). We investigate climatic trends during the Holocene to test whether reconstructions from pollen records can support opposing mid-Holocene summer precipitation regimes across the north-central (minimum precipitation) and southern (maximum precipitation) Mediterranean (Magny et al., 2012b) . Special attention will be given to reconstructions of precipitation and temperature seasonality, as was the case for Lake Accesa . Reconstructions of seasonal precipitation and temperature from Accesa brought new insight into the role of seasonality in this region and proposed an explanation for discrepancies between pollen, lake levels and isotope data observed in north-central Italy by invoking changes in precipitation seasonality Magny et al., 2007 Magny et al., , 2012b ). In the current study, we aim to emphasize the effects of seasonality by examining Holocene changes in precipitation seasonality across Italy. We will provide reliable quantitative estimates for seasonal climatic variables (summer and winter precipitation and temperature) from the four pollen records located in northern and southern Italy. Our purpose is to produce a climate reconstruction that can be directly compared to Peyron et al. (2011) . Here too, a multi-method approach is favoured for the reconstruction to better assess the error of reconstruction inherent in pollen-based climate predictions. We have chosen four methods: the weighted averaging method (ter Braak and Van Dam, 1989) , the weighted-average partial
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least-squares regression (ter Braak and Juggins, 1993) , the best modern analogues technique (Guiot, 1990) , and the nonmetric multidimensional scaling/generalized additive model method .
Changes in the regional atmospheric circulation in the Mediterranean have clear consequences for precipitation and temperature during the Holocene (Tzedakis et al., 2009; Vannière et al., 2011) . Forcings such as the boreal insolation maximum (Tinner et al., 2009 ) and changes in the mean position of the Intertropical Convergence Zone (ITCZ) may influence the intensity and position of monsoons in the region through the position and size of Hadley cells. Thus, this study also aims to better understand which climate processes can explain the inferred climate changes and the north-south partition.
Sites and data
The core transect used in this study runs from north to south through Italy (Fig. 1) , linking Lake Ledro, located on the southern slope of the Alps, to Lake Pergusa in Sicily. The sites are grouped into northern sites (Lake Ledro and Lake Accesa) and southern sites (Lake Trifoglietti and Lake Pergusa) for the purposes of most subsequent analysis. For all sites we provide information on the radiocarbon dates used in constructing the chronologies (Table 1) . Site age models are described in their original publications (referenced below).
Lake Ledro (northern Italy)
Lake Ledro (45 • 87 N, 10 • 76 E, 652 m a.s.l.) is a small lake (area: 2.2 km 2 , max. depth: 48 m, catchment: 131 km 2 ) in northern Italy on the southern slope of the Alps. Mean temperatures of the coldest and warmest months are 0 • C and 20 • C, respectively, measured at Molina di Ledro, close to the lake's outlet. Annual precipitation at Molina di Ledro ranges from ca. 750 to 1000 mm. Vegetation in the catchment is dominated by Fagus along with Abies. Higher in the Ledro Valley, the montane belt (650-1600 m) is characterized by Picea. The subalpine belt (1600-2000 m) is replaced by grasslands above 2000 m. Lake Ledro flows into the nearby Lake Garda (65 m a.s.l). There, mild climate allows the development of a mixed oak forest with lime and elm trees, and Mediterranean vegetation such as Quercus ilex, Ericaceae and olive trees that can reach 300 m a.s.l. in the form of groves. More details about the site can be found in Magny et al. (2009) , Vannière et al. (2013) and Simonneau et al. (2013) .
A profundal master core (LL081) was built using twin cores from an undisturbed sediment zone recognized using seismic reflection. Others cores have been obtained from other locations within Lake Ledro (Ledro I, Ledro II and Ponale: Magny et al., 2012a) , but only the profundal LL081 is used in this study. The chronology spans the last 17 000 yr Grosseto (7 m asl) using 13 14 C dates (Table 1 ) and 1 date from the Ledro II littoral site (Magny et al., 2012a ) aligned using stratigraphic comparison. The temporal resolution is approximately estimated to 66 yr / sample throughout the Holocene (more details are given in Joannin et al., 2013) .
Holocene vegetation at the site shows the development of a mixed-oak forest followed by successive expansion of trees in the montane belt and beech forest (Fig. 2) . Human land-use activity and forest exploitation begins at ca. 7500 cal yr BP. This accelerates during the late Holocene (from 4100 cal yr BP onwards) through continuous records of anthropogenic pollen indicators and drops in arboreal pollen percentages. More details on the Lake Ledro pollen, vegetation and lake-level history are given in Joannin et al. (2013) and in Magny et al. (2009 Magny et al. ( , 2012a .
Lake Accesa (Tuscany, central Italy)
Lake Accesa (42 • 59 N, 10 • 53 E, 157 m a.s.l.: Magny et al., 2007; Drescher-Schneider et al., 2007; Vannière et al., 2008;  Peyron et al., 2011; Finsinger et al., 2010 (Ozenda, 1979 A core transect was carried out from the western shore of Lake Accesa . Pollen data for the current study were extracted from two overlapping cores, AC3 and AC4 (AC3/4), obtained in a littoral mire, 50 m from the present-day lake shore. The chronology, based on 17 14 C dates and 4 tephra layers, spans the last 11 000 yr with a temporal resolution of 85 yr / sample (Table 1) . Holocene vegetation at Lake Accesa ( Fig. 2 ) was dominated by deciduous Quercus (probably Q. pubescens at the beginning of the Holocene) and characterized by alternating dominance of deciduous and evergreen oaks. From 9500 to 7700 cal yr BP, high percentages of evergreen oaks are recorded, associated with high values of Abies (20 %). Regional Abies abundance may be overestimated from the littoral core, and may represent only local abundance since increases in Abies alba pollen recorded in the deep Lake Accesa core are small . A persistent decline of Quercus ilex occurs around 7700 cal yr BP. The Lake Accesa core indicates human presence since the Neolithic, but cereal cultivation and pasturing becomes more pronounced at ca. 4300 cal yr BP (early Bronze Age). More details on Lake Accesa pollen, lake levels and climate history can be found in Drescher-Schneider et al. (2007) , Colombaroli et al. (2008) , Magny et al. (2007) , Vannière et al. (2011 ), Finsinger et al. (2010 , Sadori et al. (2011) and Peyron et al. (2011) .
Lake Trifoglietti (Calabria, southern Italy)
Lake Trifoglietti (39 • 33 N, 16 • 01 E; 1048 m a.s.l.) is a small, shallow lake (area: 0.97 ha, depth: 1.5 m, catchment area: 0.37 km 2 ) located 10 km from the Tyrrhenian coast in the Catena Costiera Mountains, southern Italy, near Monte Caloria (1183 m). Climate at nearby Fagnano Castello (Cosenza province) has a mean annual temperature of 15 • C, (24 • C for August and 7.5 • C for January). Despite the strictly Mediterranean latitude of the studied area, annual precipitation (including cloudiness) is high (1849 mm yr −1 ), though a relatively short dry period does occur in the summer season (Joannin et al., 2012) . Forest surrounding Lake Trifoglietti is dominated by Fagus with some Pinus nigra subsp. laricio. Scrub vegetation with Erica arborea and Cistus salvifolius trees develops in more open forest. Quercus cerris and Castanea sativa trees occur at lower altitude.
A core transect was carried out from the northeastern shore of the lake and pollen data were extracted from overlapping cores (Joannin et al., 2012) . The chronology, based on 11 14 C dates, spans the last 11 500 yr with a mean temporal resolution of 68 yr / sample (Table 1) . Holocene vegetation history at Lake Trifoglietti ( Fig. 2) shows relatively stable Fagus forest during the Holocene. Prevailing westerly winds may have driven pollen taxa such as oak, hazel and other Mediterranean taxa to the site from lower vegetation belts. Changes in algae, aquatic taxa and alder proportions at Lake Trifoglietti are characteristic of changes in water depth associated with climatic change and the development of peatland at the site. The Trifoglietti pollen record shows only a weak signal of human impact, apart from those indicating pastoralism beneath forest cover. The selective exploitation of Abies appears to have been the strongest human impact in the region surrounding Lake Trifoglietti.
Lake Pergusa (Sicily)
Lake Pergusa (37 • 31 N; 14 • 18 E, 667 m a.s.l.: Sadori and Narcisi, 2001; Sadori et al., 2008 Sadori et al., , 2011 Sadori et al., , 2013 Magny et al., 2012b; Zanchetta et al., 2007a ) is a larger lake (area: 1.4 km 2 , depth: 12 m, catchment area: 7.5 km 2 ) located in central Sicily, Italy, about 5 km from the town of Enna. Artificial drainage and lower lake levels, associated with reduced rainfall in the region, have resulted in the progressive salinization of the lake. Records from Enna show a local mean annual precipitation between 500 and 700 mm and a mean annual temperature of 13.4 • C, ranging from 6 • C in the coldest month to 24 • C in the warmest. Potential vegetation at Lake Pergusa is mesophilous Mediterranean evergreen forest with prevailing Quercus ilex L., but the Lake Pergusa region is among the most open landscapes of Sicily, widely cultivated and dominated by xerophytic grasslands. The only traces of natural woody vegetation are sparse stands of deciduous and evergreen oaks (Quercus virgiliana, Q. ilex, Q. pubescens, Q. suber and Rhamnus alaternus) .
Pollen records have been obtained from two different locations within Lake Pergusa: a 4.5 m long core (PRG1) provided a record from 12 500 cal yr BP to the present (Sadori and Narcisi, 2001) , while a second core (PG2) spans an interval from 6700 cal yr BP to the present (Sadori et al., Simplified pollen diagrams for the following: Lake Ledro deep core "LL081" , Lake Accesa littoral core "AC3/4" , Lake Trifoglietti (Joannin et al., 2012) and Lake Pergusa (Sadori and Narcisi, 2001) . The chronology of the four pollen records is based on radiocarbon dates compiled in Table 1 . More details on each chronology are given in the references papers.
2013). Results from the PRG1 pollen record have been extensively reported (Sadori and Narcisi, 2001; Sadori and Giardini, 2007; Sadori et al., 2011; Magny et al., 2011) . The PRG1 core is used in this study since it covers the entire Holocene (for more details on late Holocene vegetation and climate history based on the PG2 record, see Sadori et al., 2013) . The chronology, based on 8 14 C dates and 1 tephra layer, provides a mean temporal resolution of 131 yr / sample throughout the Holocene (Table 1) . Holocene vegetation history (Fig. 2) shows that deciduous and evergreen oaks dominated from 10 000 to 5000 cal yr BP . Tree cover declined briefly from ca. 8900 and 8700 cal yr BP. Soon after 8000 cal yr BP, Olea begins to increase, indicating the beginning of a climatic trend towards more arid conditions. Forested landscape around Pergusa opened at ca. 5500-5000 cal yr BP (Sadori et al., 2013) . Although ancient pre-Greek, culturally evolved, civilizations were present in southern Italy since the early Holocene, agricultural activities indicated by Secale, Linum and Vitis pollen are only recorded at Pergusa after 5000 cal yr BP. Human activities become more marked at 3000 cal ky BP, and increase significantly over the last millenia. The landscape, as indicated by pollen, over the last millenia is clearly influenced by human impact more so than by climate with clear increases in olive tree, walnut, chestnut and cereal cultivation (Sadori et al., 2013) .
Climate reconstruction methods
Individual pollen-based climate reconstruction methods have their own set of advantages and limitations (Birks and Birks, 2006; Brewer et al., 2008; Birks et al., 2010) . For this reason we adopted a multi-method approach that would allow us to better assess reconstruction error and provide more precise and robust climate estimates than those based on only one method (e.g. Klotz et al., 2003; Peyron et al., 2005 Peyron et al., , 2006 Kühl et al., 2010) . Such an approach has been successfully tested for the Holocene from Mediterranean marine and terrestrial pollen records Peyron et al., 2011 , although see Birks et al., 2010 . We chose four methods, including most standard methods, and based on different ecological concepts. Here, the modern analogue technique (MAT: Guiot, 1990 (Joannin et al., 2012) , Mount Altesina close to Lake Pergusa (Sicily) and Lake Preola (Sicily).
MAT
MAT reconstructs past climate parameters by considering proportion of pollen assemblages (Overpeck et al., 1985; Guiot, 1990) . The MAT uses the squared-chord distance, effective with percentage data, to determine the degree of similarity between samples with known climate parameters (modern pollen samples) to a sample for which climate parameters are to be estimated (fossil pollen sample). The smaller the chord distance is, the greater the degree of analogy between the two samples. To calculate the climate parameters for each fossil sample it is common practice to calculate the climate parameters as the weighed mean of the present-day climate of the closest n modern samples or "analogues". A minimum "analogue" threshold is often established beforehand using a Monte Carlo method. Finally, the palaeoclimate is reconstructed by weighted averaging using modern climate data, here from New et al. (2002).
WA
The WA method (ter Braak and van Dam, 1989 ) is a transfer function that uses the (implied) unimodal responses of pollen taxa (in this case) along environmental gradients to infer climate by weighting taxon abundances from target assemblages using the calibrated optima. While the assumption of unimodality is, in practice, violated by a large number of pollen taxa (see figures in Williams et al., 2006) , Birks et al. (2010) have described the ways in which the strengths of WA might outweigh some of its limitations, accounting for its popularity in many modern studies.
WAPLS
WAPLS is a "classic" regression method which also assumes that the relationships between pollen percentages and climate are unimodal: each taxon grows best at a particular optimal value of an environmental variable and cannot survive when the value of that variable is too low or too high. If taxon ecology can be assumed to be constant through time, then, even if the overall pollen assemblage has no modern analogue, a reasonable reconstruction can be given. WAPLS operates by compressing the overall data structure onto latent variables. The modern pollen dataset used may be considered a large multidimensional matrix. Since there is some co-linearity among pollen taxa, and since some taxa will be related to climate parameters of interest, it is possible to reduce the dataset into a smaller number of components based on both linear predictors of the parameter of interest and the residual structure of the data when those predictors are removed. The modification of PLS proposed by ter Braak and Juggins (1993) requires transformation of the initial dataset using weighted averaging (ter Braak and van Dam, 1989 ) along a gradient defined by the climate parameter of interest, such that the pollen taxa that best define the climate gradient are weighted more heavily than those that show little specificity to the gradient.
NMDS/GAM
This method, first developed from pollen assemblages in British Columbia, Canada , has recently been successfully tested on Mediterranean pollen assemblages Peyron et al., 2011) . This method begins by reducing the dimensionality of the dataset using non-metric multidimensional scaling, a non-parametric ordination method that retains the dissimilarity structure of the data to generate low-dimensionality representations. In this way it is somewhat similar to the MAT, although the ordination recovers not only the degree of dissimilarity between samples, but also the direction of dissimilarity. Once the lowdimensionality representation is generated, the NMDS/GAM method fits a generalized additive model to the ordination space to reconstruct the climate parameter of interest. Since this method uses non-parametric methods, specific statistical violations, such as the non-linearity of the relationship between climate parameters and pollen taxa, may be avoided.
Validation of the methods and error calculation
To some degree all methods are subject to error resulting from "noise" in the dataset. This noise may result from variation in basin characteristics, co-variance of climate variables, differential degradation of pollen taxa resulting from the deposition substrate, differences in pollen transport and local anthropogenic effects. The ecological noise is internalized differently in each pollen-based reconstruction method, although overlap exists among more closely related methods (e.g. effects of spatial autocorrelation: Telford and Birks, 2005; effects of sample depositional environments: Goring et al., 2010) . In general, as noise in the pollen dataset increases, model error increases. But as dataset size increases, many models become more robust (Birks et al., 2010) . More details on the validation procedure used for pollen-climate calibration with the European pollen dataset are given in . Non-climatic factors may also affect pollen assemblages during the Holocene. Human impacts in particular have affected the natural vegetation of the Mediterranean since ∼ 7500 cal yr BP, but disentangling climatic and anthropogenic causes of vegetation change is complex. For example, both human activity and climate may have resulted in the apparent aridification in Sicily and across the Mediterranean Basin at 3500 cal yr BP (Sadori et al., 2013) . While pollen records may be susceptible to change from anthropogenic effects, previous studies show that human impacts on Mediterranean vegetation (using pollen as a proxy) are often hard to detect prior to the Bronze Age Mercuri et al., 2012) . While human influences in the last 3000 cal yr BP are non-negligible, an unequivocal, widespread human signature in this region only begins in the Roman period. Given this, it is likely that human impacts may influence pollenbased climate reconstruction, but the precise nature of these biases is difficult to assess due to a lack of pollen and climate data from "undisturbed" vegetation. Regardless of the extent of human influence, pollen-based climate reconstructions appear to show robust results through time, particularly when other proxy data from stable isotopes, speleothems, tree rings or lake levels are used. Thus, we combine a multi-model approach for pollen reconstructions with data from multiple proxies to provide broader support for our findings.
Results and discussion
Quantitative climate reconstructions for each pollen sequence were performed for summer and winter temperature in Fig. 3 , and summer and winter precipitation in Fig. 4 to emphasize changes in seasonality.
A north-south climatic pattern? Looking at the temperature reconstruction
Climate reconstructions suggest the partitioning of Holocene summer temperature regimes between northern (Lakes Ledro and Accesa) and south-central (Lakes Trifoglietti and Pergusa) Mediterranean sites (Figs. 3 and 5 ). Northern sites show warm conditions during the early to mid-Holocene, while cool conditions in Sicily are reconstructed during the same time period. This pattern reverses in the late Holocene, with southern sites warming and northern sites cooling. The partitioning of temperature trends is evident when results are expressed as anomalies (Fig. 5) . Pollen-inferred temperatures from Lake Ledro (north) show two distinct periods: relatively high temperatures before 7200 cal yr BP that are followed by a summer cooling trend from 7000 cal yr BP to 4600 cal yr BP. Pollen-inferred temperatures from Lakes Trifoglietti and Pergusa (south; Figs. 3 and 5) show two distinct periods of temperature. Lake Ledro shows the opposite pattern, with cold temperatures before 6400-7000 cal yr BP, followed by an abrupt change towards warm summer conditions from 6400 cal yr BP to the present. This pattern of climate partitioning between the north and the south is similar to partitioning in the eastern Mediterranean, particularly in the northern and southern Aegean Sea Kotthoff et al., 2008 Kotthoff et al., , 2011 . The climate pattern observed in northern Italy from Lake Ledro (warm early to mid-Holocene followed by a summer cooling southern Aegean Sea based on three cores from the region. The north (core MNB3) is marked by warm conditions during the early to mid-Holocene, while the south (core NS14) remains cool. Following 6500-7000 cal yr BP, the pattern appears to reverse, with cold conditions in the north culminating around 4500 cal yr BP, while warm conditions exist in the south. The northern temperature index fits with the summer cooling trend reconstructed from Lake Ledro ( Fig. 5a and e), while the temperature index from the southeastern Aegean fits with the warming trend reconstructed from Lakes Accesa, Trifoglietti and Pergusa pollen data ( Fig. 5d-g ). The pattern of warm early to mid-Holocene temperatures and cooler late Holocene climate in the north is supported by alkenone-based SST curves from both records (Gogou et al., 2007; Triantaphyllou et al., 2009b) . Alkenone-derived SSTs range between 20 • and 23 • C in the North Aegean MNB3 record during the early to mid-Holocene and drop to 20 • C after 6000 cal yr BP (Gogou et al., 2007) . In contrast, the South Aegean record of core NS14 displays SSTs ranging from 17 • to 22 • C for the early to mid-Holocene, rising to ∼ 24.8 • C at about 5000 cal yr BP (Triantaphyllou et al., 2009b) . Terrestrial biomarkers (n alkanes) indicate the dominance of warm species in the South Aegean during the mid-to late Holocene, confirming the pollen signal (Kouli et al., 2012) and agreeing with our pollen-based reconstructions. Even at a regional scale, the Holocene climate signal reconstructed at Lakes Accesa, Trifoglietti and Pergusa fits with the summer temperature trend over Southern Europe (south of 45 • N,), reconstructed by Davis and Brewer (2009) in Fig. 5f -h.
A north-south climatic pattern? Looking at the precipitation reconstruction
Pollen-inferred precipitation from Lakes Ledro and Accesa in the north, and Trifoglietti and Pergusa in the south, suggests a partitioning of the precipitation regime between the North and South Mediterranean during the Holocene (Figs. 4, 6 and 7). Relatively dry conditions in summer characterize the Lake Ledro record from 11 500 to 8500 cal yr BP, while precipitation in southern Italy and Sicily reaches a maximum (Figs. 4 and 6 ). Pollen-inferred precipitation increases at Lake Ledro from 8200 cal yr BP to 4000 cal yr BP, reaching a maximum from 4000 cal yr BP to the present. The inferred climate from Lakes Trifoglietti and Pergusa in the south differs from Lake Ledro, showing two distinct periods of precipitation change: with wet conditions prior to 6500 cal yr BP, followed by a trend towards dryer conditions from 6500 cal yr BP to 4500, and a period post 4000 cal yr BP with dry conditions. A contrasting pattern between the northern and southern Mediterranean is also apparent in winter precipitation, even if relatively moist winter conditions seem to characterize the four sites' areas during the Holocene (Fig. 4) . The winter and summer precipitation trends reconstructed at Lake Ledro fit well; winter precipitation increases from 10 000 cal yr BP to 4000 cal yr BP, reaching a precipitation maximum from 4000 to the present, similar to the summer precipitation record. Lake Trifoglietti presents a problematic reconstruction, much below modern winter precipitation values for all methods, possibly due to specific aspects of its location (Joannin et al., 2012) . Although reconstructed precipitation values at Lake Trifoglietti are low, we are still able to reconstruct a precipitation trend that fits well with Pergusa and Accesa, showing a "Holocene Optimum" between 9500 and 5000 cal yr BP followed by a trend towards aridification. At Trifoglietti, the two periods marked by high precipitation at ∼ 7200-6500 and 4900-4500 cal yr BP (Fig. 6 ) are almost synchronous with phases of high fluvial activity and floods recorded at 7200-6800 and 4800-4550 cal yr BP in nearby Basilicata, southern Pollen-inferred temperature of the warmest month for Lake Ledro (as for Fig. 3 ), MAT only. (b) Pollen-inferred temperature of the warmest month for (1, pink curve) Lake Accesa littoral core, MAT only (as for Fig. 3 ), and (2, purple curve) Lake Accesa profundal core, WAPLS only (Finsinger et al., 2010) . (c) Pollen-inferred temperature of the warmest month for Tenaghi Philippon, Greece, MAT only . (d) Pollen-inferred temperature of the warmest month for the marine core SL152, Aegean Sea, ) with three methods (short dotted line: MAT; blue line: PLS; long dotted line: NMDS/GAM). (e) Pollen-based temperature index "T index" for the marine cores MNB3 (North Aegean Sea), and NS14 (South Aegean Sea), (Kouli et al., 2012) . (f) Pollen-inferred temperature of the warmest month for Lake Pergusa (as for Fig. 3 ), MAT only. (g) Polleninferred temperature of the warmest month for Lake Trifoglietti (as for Fig. 3 ), MAT only; the curve of temperature is calculated with a moving average (bold curve) and raw values are also plotted (dotted curve). (h) Reconstruction of temperatures of the warmest month (anomalies) for Southern Europe based on pollen data from over 500 pollen sites from across Europe, MAT only (Davis and Brewer, 2009; Davis et al., 2003) . Comparison between pollen-inferred summer precipitation (MAT only) and lake-level variations at Lakes Ledro, Accesa, Trifoglietti and Pergusa. More details on the lake-level data are given in Magny et al. (2012a) for Lake Ledro, Magny et al. (2007) for Lake Accesa, and Magny et al. (2011) for Lake Preola (Sicily). Oxygen isotope data based on speleothem from Soreq Cave, Israel, is also plotted for comparison with eastern Mediterranean sites (Bar-Matthews and Ayalon, 2011; Bar-Matthews et al., 1998; Vaks et al., 2006) . MRCAI = period of maximal rate of change in annual insolation.
Italy (Piccarreta et al., 2011) . The correlation between the precipitation reconstruction and independent assessments of hydrological activity may indicate that, while the reconstruction values may be offset strongly at Lake Trifoglietti, the anomaly trends are consistent with long-term change in regional precipitation. One goal of this study is to test the hypothesis proposed by Magny et al. (2012b) that mid-Holocene summer precipitation regimes are partitioned and that north-central and southern Mediterranean patterns of change are in opposition to one another. This assumption is based on lake-level variations established for Italy from carbonate concretions produced during summer . Figure 6 shows a direct comparison between independent Holocene lake-level changes and the pollen-inferred summer precipitation for Lakes Ledro and Accesa. Summer precipitation estimated for the southern Lakes Trifoglietti and Pergusa are compared to the Lake Preola lake-level reconstruction from coastal Sicily ( Fig. 6 ; Magny et al., 2011) . The lake-level and pollenbased climate reconstructions both suggest climatic partitioning during the Holocene. These opposing patterns appear (1) during the early to mid-Holocene, when the northern sites (Ledro, Accesa) are characterized by a minimum in summer precipitation and associated lake-level minimum, while the sites located south of ca. 40 • N (Trifoglietti, Pergusa) are marked by high precipitation and associated high lake levels and (2) during the late Holocene when pollen-inferred precipitation and lake-level reconstructions indicate maxima in northern Italy and minima in the south. These findings are further supported by a synthesis of fire activity for the Mediterranean Basin . Low fire activity was observed in the southern Mediterranean (south of 40 • N) during the mid-Holocene (ca. 7500-4500 cal yr BP), while northern Mediterranean records suggest a contemporaneous increase in fire activity. The north-south climatic partition in Italy highlighted in our study is also apparent in the central and western Mediterranean from independent fire records (Vanniere et al., 2011) . Relatively abrupt changes in fire activity are observed ca. 5500-5000 cal yr BP, at approximately the same time as the climate transition recorded ca. 5000 cal yr BP by the lake-level and summer precipitation records from Italy (Fig. 6) .
The climate trend observed in southern Italy and Sicily shows strong similarities to the Soreq Cave speleothem record (Israel; Bar-Matthews et al., 1998) from the eastern Mediterranean (Magny et al., 2012b, Fig. 6) . A similar climate pattern also exists from records in the Aegean Sea (Fig. 7) based on (1) a relative "humidity index" established from the three marine pollen records located across a northsouth transect in the Aegean Sea (Kouli et al., 2012) , and (2) the pollen-based climate reconstruction from marine core SL52 located in the North Aegean Sea ). The humidity index (Fig. 7) shows a climatic partition during the Holocene that matches well with the pollen-based precipitation reconstructions: the mid-Holocene is characterized by dry summer conditions in northern Italy and the North Aegean Sea, while wet conditions are reconstructed in southern Italy, Sicily and South Crete. Warm and humid conditions that prevailed during the mid-Holocene are also apparent in the South Aegean marine NS14 record by the deposition of a distinguishable sapropel-like layer (Sapropel midHolocene: SMH, Triantaphyllou et al., 2009b) . The trend of warm and humid conditions in the south reverses during the late Holocene, after 6000 cal yr BP.
A shift in climate at ca. 4500 cal yr BP is clear from summer precipitation, lake-level and speleothems records from the region (Fig. 6 ). This shift is also seen in the eastern Mediterranean by Finné et al. (2011) . Palaeoclimate records in the eastern Mediterranean reconstruct wet conditions from 6000 to 5400 cal yr BP followed by a period of drying that develops into aridity by ca. 4600 cal yr BP. Climate changes around 4500 cal yr BP may have resulted from large-scale changes in the atmospheric circulation affecting the southern Mediterranean area over the mid-to late-Holocene transition ). Changes could be linked to a non-linear response of the climate system to the gradual decrease in insolation in addition to other key seasonal and interhemispherical trends related directly to changes in insolation. Aegean Sea, Pollen-based humidity index (Kouli et al., 2012) North South Aegean Sea Psummer 6000 7000 8000 9000 10000 11000 4000 5000 cal BP (1) Pollen-inferred summer precipitation (in mm) for the marine core SL152, North Aegean Sea , obtained with the PLS method (green curve), and the NMDS/GAM (blue curve); (2) pollen-based humidity index established by Kouli et al. (2012) from three marine pollen records located across a north-south transect in the Aegean Sea: cores MNB3 (blue curve), core NS14 (purple curve) and core HCM2/22 (dark pink curve). Short events at around 8200, 6500 and 4200 cal yr BP are also plotted. MRCAI = period of maximal rate of change in annual insolation.
Short-term events around 8000, 6500 and 4200 cal yr BP
Short-term Holocene climate events are evident in the polleninferred climate reconstruction for Lakes Ledro and Trifoglietti (and to a lesser extent at Lake Pergusa). These shortlived events occur at ca. 8000, 6500 and 4200 cal yr BP and they correspond to strong shifts in the humidity index reconstructed from the Aegean cores. The earliest event seems to correspond with the regional expression of the 8.2 kyr event (Alley et al., 1997) in the Mediterranean region (Magny et al., 2003 Kotthoff et al., 2008 Kotthoff et al., , 2011 Pross et al., 2009; Triantaphyllou et al., 2009b) . This event is commonly explained through atmospheric circulation changes induced by freshwater pulses that produced a weakening of the thermohaline circulation in the North Atlantic. This allowed an expansion of the Eurasian/Siberian High, ultimately resulting in colder and drier winters (Renssen et al., 2002; Rohling et al., 2002) . The multi-method approach for Lake Ledro indicates a winter temperature drop > 3 • C (Fig. 3) and a summer temperature decrease of 1.5 • C (Figs. 3 and 5 ). This strong cooling is
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corroborated by the ∼ 4 • C abrupt winter cooling evidenced in Tenaghi Philippon from pollen data Peyron et al., 2011) , and by pronounced cooling between 8200 and 7800 cal yr BP in the northern Aegean based on alkenone data (Gogou et al., 2007) . Summer cooling also occurs at Tenaghi Philippon and in the North Aegean Sea core SL152 ( Fig. 5a and b ; Dormoy et al., 2009) . Dry winters and wet summers reconstructed using the Lake Ledro core (Figs. 4, 6 and 7) fit well with wet summer conditions reconstructed from the SL152 marine core in the northern Aegean Sea (Fig. 7) . At Accesa, the 8.2 kyr event is marked by a well-identified lithological change but is weakly expressed in the pollen-based reconstruction (Fig. 4) . However, wet summer conditions around this time period can be seen with the multi-method approach (Fig. 4) , associated with a short-term lake-level rise centred at 8200 cal yr BP (Fig. 6 ) and a decline in the fire regime , also suggesting wet conditions.
There is no clear hydrological signal for the 8.2 kyr event in southern Italy obtained from the Lake Trifoglietti reconstruction, although lower summer temperatures (−2 • C, Figs. 3a and 5g) and dry summer conditions are suggested (Fig. 6) . The 8.2 kyr event signal from Pergusa is very weak but seems to correspond to dry summer conditions at ∼ 8300 cal yr BP associated with a 1.5 • C decline in summer and winter temperature (Fig. 3) . Although the signal of short-term change is weak in southern Italy, the broader changes in climate seem to confirm the hypothesis by Magny et al. (2003) of a hydrological partition in Central Europe for the 8.2 kyr event, with Southern Europe marked by dry climate and northern latitudes (from ca. 43-50 • N) marked by wet conditions. Similarly, the 8.2 kyr event does not seem to show either cold or dry conditions in the southern Aegean Sea relative to more northern sites, although a drop in precipitation is recorded (Triantaphyllou et al., 2009b) .
The second short-lived cool and dry event at ca. 6500 cal yr BP is recorded in the pollen reconstructions for Lakes Trifoglietti and Pergusa (Fig. 5) . The cooling and drying at the two core sites corresponds remarkably well to a number of independent studies from the region. At ca. 6500 terrestrial biomarkers from marine cores in the Aegean Sea reflect less humid conditions and a "cooler" vegetation type, supported by pollen from the same marine cores ( Fig. 7 ; Kouli et al., 2012) . This cool-dry event is also characterized by a strong decrease in SST and the termination of the S1 sapropel in the southern Aegean Sea (Gogou et al., 2007) and is coeval with pronounced cooling in the southern Adriatic Sea and the Aegean Sea (Geraga et al., 2010; Sangiorgi et al., 2003; Triantaphyllou et al., 2010) . Kouli et al. (2012) suggest short-term episodes of climatic instability during this time interval associated with enhanced runoff conditions from 6600 to 6400 cal yr BP (Triantaphyllou et al., 2009a) .
We also present evidence of a strong climatic change around 4200 cal BP (Figs. 7 and 8) . Pollen-inferred climate reconstructions from Lakes Ledro, Accesa and Pergusa highlight a marked cooling event at ca. 4300-3800 cal BP, corresponding to declines in winter and summer temperature decrease of 2 • C (Fig. 8) . This event, also seen in the North Aegean Sea (Fig. 5d) , is possibly the regional expression of the so-called "4.2 kyr event" observed in various regions of the world (e.g. Geraga et al., 2010) . In the southeastern Aegean Sea, the H index records a humid phase between 5400 and 4300 kyr that coincides with the deposition of a distinct sapropel-like layer and that is interrupted at ∼ 4.2 cal kyr BP (Triantaphyllou et al., 2009b) . Additionally, some Italian sites south of 43 • N have shown temporary midHolocene deforestation at 4000 cal yr BP that may have been caused by drought (Di Rita and Magri, 2009) . Magny et al. (2009) recognize a complex tripartite climatic oscillation between ca. 4300-3800 cal yr BP based on the Lake Accesa lake-level variations (Fig. 8) . The three phases entail a phase characterized by dry conditions at ca. 4100-3950 cal yr BP that is bracketed by marked by wet conditions, dated to ca. 4300-4100 and 3950-3850 cal yr BP, respectively. Pollen-based summer precipitation reconstructions for lakes Accesa, Ledro and Trifoglietti (Fig. 8) confirm the presence of such a dry event and provide some insight into the possible complexity of this climatic oscillation around the 4.2 kyr event. The 4.2 kyr event in the subtropical zone is a single short-lived event which may have corresponded to a climatic episode controlled from low latitudes (Marchant and Hooghiemstra, 2004) and can be associated with an expansion or northward displacement of the North African high-pressure zone. The dry episode centred at ca. 4150-3950 cal yr BP that is detected in Accesa, Ledro and Trifoglietti may be related to this short-lived dry phase, bracketed by two wet phases in the central Mediterranean.
Precipitation seasonality, proxy sensitivity and climate reconstruction
Enhanced rainfall near Lake Accesa between ca. 8900 and 7300 cal yr BP has been interpreted from speleothems recovered from Corchia Cave in the Apuan Alps (Zanchetta et al., 2007b) and from ca. 8200 to 7100 cal yr BP from Renella Cave, close to Corchia Cave (Zhornyak et al., 2011) . The Renella record suggests that during the early to midHolocene, the region experienced very wet conditions associated to a substantial increase in flood activity (Zhornyak et al., 2011) . However, during the first part of this period, the nearby lakes of Accesa and Fucino (e.g. Giraudi et al., 2011; Magny et al., 2007) experienced low-stand phases. Changes in precipitation seasonality may explain the apparent discrepancy between wetter conditions from speleothem records and drier conditions reported from lake-level reconstructions Magny et al., 2007 Magny et al., , 2012b . This hypothesis is supported by the contrasting seasonal patterns of precipitation (strong Mediterranean conditions, with wet winters and dry summers) reconstructed for the early to mid-Holocene at Accesa from pollen data ( Fig. 4 ; ).
In the current study, we emphasize changes in precipitation seasonality by examining them at the regional scale. A direct comparison of pollen-inferred summer precipitation and lake-level changes at Lakes Ledro and Accesa from north-central Italy is shown in Fig. 6 . Mediterranean conditions only appear to exist at Lake Ledro prior to 8500 cal yr BP (Fig. 4) . Mediterranean conditions terminate with increases for both summer and winter precipitation between 8300 and 7000 cal yr BP. These results fit well with the relatively high lake levels at Ledro (Fig. 6) , with the speleothem results from Corchia and Renella (Zanchetta et al., 2007b; Zhornyak et al., 2011) , and with southern Alpine speleothems (Spötl et al., 2010) . Southern and eastern Alpine speleothem records appear to register a humid period that is contemporaneous with the wettest phase identified at Corchia (i.e. ca. 8000 to 7300 cal yr BP) (Spötl et al., 2010) . This humid period was interpreted as an increase in moisture sourced from the Mediterranean as opposed to the drier northwesterly air masses that affect the Alps (Spötl et al., 2010) . At Accesa winter precipitation is particularly high around 8000 cal yr BP (Fig. 4) . High winter precipitation is consistent with the increase in flood activity due to increased storminess in the region suggested by Zhornyak et al. (2011) , and is confirmed by a significant increase in winter precipitation between ca. 9500 and 7000 cal yr BP in the northern Aegean Sea (Kotthoff et al., 2008 .
Proxy records of precipitation from Sicily show higher rainfall between ca. 8500 and 7500 cal yr BP (Carburangeli Cave speleothems: Frisia et al., 2006; land snail shells, Favignana Island: Colonese et al., 2011) . Colonese et al. (2011) take the thermal limits controlling periods of snail activity into account to suggest that the increased precipitation at this time may not have been an exclusive winter phenomenon but may have extended into spring and autumn. The two southern sites reported in this current study (Trifoglietti, Pergusa) both show higher winter precipitation, which is corroborated by Colonese et al. (2011) and Frisia et al. (2006) , providing support that changes in seasonality may be major drivers for the high precipitation and lake levels at these sites from 10 000 to 6500 cal yr BP (Figs. 4 and 6) .
The current study confirms that lake levels appear to be good indicators of summer precipitation changes and supports the assumption that lake levels, pollen, and isotopic data likely reflect processes linked to seasonality. Possible discrepancies between data could be reconciled considering the relative sensitivity of each site to changes in the seasonality of precipitation (Giraudi et al., 2011; Peyron et al., 2011) and the different residence times of water in their respective hydrological systems, but further evidence is needed to improve the general framework of climate evolution at this time, both at local and regional (Mediterranean Basin) scales.
Climate processes and north-south partition
To fully understand the timings and the relationships between regions and lakes within the Mediterranean Basin, we must understand the climatic mechanisms driving changes in moisture across the central Mediterranean during the Holocene. Tinner et al. (2009) have suggested that increasing humidity in coastal Sicily during the mid-Holocene reflects a decrease in the Hadley circulation (trade winds) and monsoonal activity after the boreal insolation maximum. This is in agreement with processes suggested for other areas of the Mediterranean (Tzedakis et al., 2009 ). An intense African monsoon strengthens the Hadley circulation (Gaetani et al., 2007) , reinforcing the North Atlantic anticyclone and its blocking effect for possible intrusions of humid western airflow towards the Mediterranean. However, recent observations have also given evidence to possible influences of (1) sub-Saharan cyclones over the western-central Mediterranean (Knippertz and Wernli, 2010) and (2) rainstorms originating from the tropics over the eastern Mediterranean (Ziv et al., 2005) . Moreover, Tzedakis (2007) and Tinner et al. (2009) clearly suggests that, over the Holocene period, the northern Mediterranean borderlands belong to a North Atlantic domain and show strong similarities with the European midlatitudes (Magny et al., , 2012a , while the southern Mediterranean appears to be more strongly affected by subtropical influences. Data in this study show progressive, millennial-scale changes in climate in response to changes in insolation. Data also show major centennial-scale climatic events, most evident at 8000 and 4500 cal yr BP. The 8000 cal yr BP event may be related to the influence of the well-known 8.2 kyr event associated with a final step of the deglaciation in the North Atlantic (Alley et al., 1997) . The climatic oscillation around 4500-4000 cal yr BP appears to have been a major climate change, not only in the eastern Mediterranean (Weis et al., 1993; Enzel et al., 2003; Arz et al., 2006; Drysdale et al., 2006) but also in the western Mediterranean. Zhao et al. (2010) indicate that the climatic oscillation at 4000 cal yr BP may reflect a non-linear response of the climate system to (1) a gradual decrease of insolation and (2) key seasonal and inter-hemispherical changes in insolation. On the one hand, this orbital forcing resulted in a reorganization of the general atmospheric circulation, leading to a further southward migration of the ITCZ in the tropics (Haug et al., 2001; Denton et al., 2005) . The southward migration of the ITCZ would have driven the westerlies southward, bringing more humidity to the mid-European latitudes and the north-central Mediterranean. On the other hand, in response to the decrease in insolation, cooling sea surface temperatures (Marchal et al., 2002) may have favoured the development of drier conditions over the south-central and eastern Mediterranean, south of ca. 40 • N, leading to the development of modern climate conditions.
Conclusions
There is strong agreement between summer precipitation and lake-level reconstructions at Lakes Accesa and Ledro in northern Italy and Lake Pergusa (Lake Preola for the lake levels) in Sicily throughout the Holocene. The strong relationship between the two confirms that lake level is most strongly a reflection of summer temperatures in the central Mediterranean.
The results presented here for precipitation and temperature reconstructions from the four lakes appear to confirm that northern and southern sites in the Mediterranean have opposing precipitation regimes during the Holocene (Magny et al., 2012b) . The summer temperature curves appear to show the same pattern as for precipitation: warm/dry conditions in northern Italy and cool/wet conditions in Sicily are reconstructed during the early/mid-Holocene, and conditions reversed during the late Holocene. The Holocene climate history of the region was punctuated by centennial-scale events at ca. 8000, 6500 and 4200 cal yr BP. These short-term events and the north-south climate partition observed in Italy show strong similarities with those recognized in the Aegean Sea. The connections to short-lived climate events in the Aegean indicate that the climate events detected in the pollen-based climate reconstructions are in fact part of a broader regional climate forcing.
